We study the possibility of generating non-zero reactor mixing angle θ 13 by perturbing the µ − τ symmetric neutrino mass matrix. The leading order µ − τ symmetric neutrino mass matrix originates from type I seesaw mechanism whereas the perturbations to µ − τ symmetry originate from type II seesaw term. We consider four different realizations of µ − τ symmetry: Bimaximal Mixing(BM), Tri-bimaximal Mixing (TBM), Hexagonal Mixing (HM) and Golden Ratio Mixing (GRM) all giving rise to θ 13 = 0, θ 23 = π 4 but different non-zero values of solar mixing angle θ 12 . We assume a minimal µ − τ symmetry breaking type II seesaw mass matrix as a perturbation and calculate the neutrino oscillation parameters as a function of type II seesaw strength. We then consider the origin of non-trivial leptonic CP phase in the charged lepton sector and calculate the lepton asymmetry arising from the lightest right handed neutrino decay by incorporating the presence of both type I and type II seesaw. We constrain the type II seesaw strength as well as leptonic CP phase (and hence the charged lepton sector) by comparing our results with experimental neutrino oscillation parameters as well as Planck bound on baryon to photon ratio.
I. INTRODUCTION
The standard model (SM) of particle physics have been established as the most successful theory describing all fundamental particles and their interactions except gravity, specially after the discovery of its last missing piece, the Higgs boson in 2012. In spite of its huge phenomenological success, the SM fails to explain many observed phenomena in nature.
Origin of tiny neutrino mass and matter-antimatter asymmetry are two of such phenomena which can be explained only within the framework of some beyond standard model (BSM) physics. Neutrinos which remain massless in the SM, have been shown to have tiny but nonzero mass (twelve order of magnitude smaller than the electroweak scale) by several neutrino oscillation experiments [1] . Recent neutrino oscillation experiments T2K [2] , Double ChooZ [3] , Daya-Bay [4] and RENO [5] have not only made the earlier predictions for neutrino parameters more precise, but also predicted non-zero value of the reactor mixing angle θ 13 as given below Recent global fits for different oscillation parameters within their 3σ range Daya-Bay [4] 0.092 ± 0.016 ± 0.005 0.024 ± 0.005 RENO [5] 0.113 ± 0.013 ± 0.019 0.029 ± 0.006 taken from Ref. [6] and Ref. [7] are presented below in table.II.
Several BSM frameworks have been proposed to explain the origin of tiny neutrino mass and the pattern of neutrino mixing. Tiny neutrino mass can be explained by seesaw mechanisms which broadly fall into three types : type I [8] , type II [9] and type III [10] whereas the pattern of neutrino mixing can be understood by incorporating additional flavor symmetries.
The neutrino oscillation data before the discovery of non-zero θ 13 were in perfect agreement with µ − τ symmetric neutrino mass matrix. Four different neutrino mixing pattern which can originate from such a µ − τ symmetric neutrino mass matrix are: Bimaximal Mixing (BM) [11] , Tri-bimaximal Mixing (TBM) [12] , Hexagonal Mixing (HM) [13] and Golden Ratio Mixing (GRM) [14] . All these scenarios predict θ 23 Ref. [6] presented by 2nd column and by Ref. [7] by third column.
θ 12 = 31.71 o (GRM). However, in view of the fact that the latest experimental data have ruled out sin 2 θ 13 = 0, one needs to go beyond these µ − τ symmetric frameworks. Since the experimental value of θ 13 is still much smaller than the other two mixing angles, µ − τ symmetry can still be a valid approximation and the non-zero θ 13 can be accounted for by incorporating the presence of small perturbations to µ − τ symmetry coming from different sources like charged lepton mass diagonalization, for example. Several such scenarios have been widely discussed in [15, 16] and the latest neutrino oscillation data can be successfully predicted within the framework of many interesting flavor symmetry models.
Apart from the origin of neutrino mass and mixing, the observed matter antimatter asymmetry also remains unexplained within the SM framework. The observed baryon asymmetry in the Universe is encoded in the baryon to photon ratio measured by dedicated cosmology experiments like Wilkinson Mass Anisotropy Probe (WMAP), Planck etc. The latest data available from Planck mission constrain the baryon to photon ratio [17] as Y B ≃ (6.065 ± 0.090) × 10
Leptogenesis is one of the most widely studied mechanism of generating this observed baryon asymmetry in the Universe by generating an asymmetry in the leptonic sector first and later converting it into baryon asymmetry through electroweak sphaleron transitions [18] . As pointed out first by Fukugita and Yanagida [19] , the out of equilibrium CP violating decay of heavy Majorana neutrinos provides a natural way to create the required lepton asymmetry.
The salient feature of this mechanism is the way it relates two of the most widely studied problems in particle physics: the origin of neutrino mass and the origin of matter-antimatter asymmetry. This idea has been implemented in several interesting models in the literature [20] [21] [22] . Recently such a comparative study was done to understand the impact of mass hierarchies, Dirac and Majorana CP phases on the predictions for baryon asymmetry in [23] within the framework of left-right symmetric models.
In the present work we propose a common mechanism which can generate the desired neutrino mass and mixing including non-zero θ 13 and also the matter antimatter asymmetry.
We extend the SM by three right handed singlet neutrinos and one Higgs triplet such that both type I and type II seesaw can contribute to neutrino mass. Type I seesaw is assumed to
give rise to a µ −τ symmetric neutrino mass matrix with θ 13 = 0 whereas type II seesaw acts as a perturbation which breaks the µ − τ symmetry resulting in non-zero θ 13 . Similar works have been done recently where type II seesaw was considered to be the origin of θ 13 [24] as well as non-zero Dirac CP phase δ [25] by assuming the type I seesaw giving rise to TBM type mixing. Some earlier works studying neutrino masses and mixing by using the interplay of two different seesaw mechanisms can be found in [26] [27] [28] . In this work we generalize earlier studies on TBM type mixing to most general µ − τ symmetric neutrino mass matrices and check whether a minimal form of µ − τ symmetry breaking type II seesaw can give rise to correct value of reactor mixing angle θ 13 . We then calculate the predictions for other neutrino parameters as well as observables like sum of absolute neutrino masses i |m i | and effective
We check whether the sum of absolute neutrino masses obey the cosmological upper bound i |m i | < 0.23 eV [17] and whether the effective neutrino mass m ee lies within the bounds coming from neutrinoless double beta decay experiments.
We also calculate the lepton asymmetry by considering the source of leptonic Dirac CP violation in the charged lepton sector. From the requirement of generating correct neutrino parameters and baryon asymmetry we constrain type II seesaw strength, Dirac CP phase and at the same time discriminate between neutrino mass hierarchies, different lightest neutrino masses and different µ − τ symmetric mass matrices.
To the end, the lepton flavour violating decays like µ → eγ and µ → 3e with mediation of TeV scale Higgs triplet scalar has been carefully examined. In the present work, we have considered type-II seesaw contribution to light neutrino mass GeV and the associated Lepton Flavour Violating (LFV) processes are heavily suppressed.
Alternatively, if the type II seesaw mechanism is operative at TeV scale, then the resulting LFV processes are prominent and same-sign dilepton signatures is one of the prime focus at LHC. Within low scale type II set up, the seesaw relation for Higgs triplet VEV is consistent with small trilinear mass term µ Φ∆ and TeV scale Higgs scalar triplet mass. We wish to examine the associated LFV processes which can be originated via Higg triplet scale and the corresponding branching ratios for them are significant enough to be probed at ongoing search experiments if the mass of the triplet scalar is in the TeV range.
The plan of the paper is sketched as following manner. In section II we discuss the methodology of type I and type II seesaw mechanisms. In section III, we discuss the parametrization of different µ − τ symmetric neutrino mass matrices. We then discuss deviations from µ − τ symmetry using type II seesaw in section IV. In section V, we discuss CP violation and outline the mechanism of leptogenesis in the presence of type I and type II seesaw. In section VII we discuss our numerical analysis and results and then finally conclude in section VIII.
II. SEESAW MECHANISM: TYPE I AND TYPE II
Type I seesaw [8] mechanism is the simplest possible realization of the dimension five Weinberg operator [29] for the origin of neutrino masses within a renormalizable framework.
This mechanism is implemented in the standard model by the inclusion of three additional right handed neutrinos (ν i R , i = 1, 2, 3) as SU(2) L singlets with zero U(1) Y charges. Being singlet under the gauge group, bare mass terms of the right handed neutrinos M RR are allowed in the Lagrangian. On the other hand, in type II seesaw [9] mechanism, the standard model is extended by inclusion of an additional SU(2) L triplet scalar field ∆ having U(1) Y charge twice that of lepton doublets with its 2 × 2 matrix representation as
Thus, the gauge invariant lagrangian relevant for type I plus type II seesaw mechanism is given below
with the leptonic interaction terms,
Here
T and C is the charge conjugation operator. The scalar potential of the model using SM Higgs doublet Φ and Higgs triplet scalar ∆ L is
With vacuum expectation value of the SM Higgs Φ 0 = v/ √ 2, the trilinear mass term µ Φ∆ generates an induced VEV for Higgs triplet as ∆
, the resulting in 6 × 6 neutrino mass matrix after electroweak symmetry breaking reads as
where m LR = y ν v is the Dirac neutrino mass, m LL = f ν v ∆ is the Majorana mass for light active neutrinos and m RR is the bare mass term for heavy sterile Majorana neutrinos.
Within the mass hierarchy M RR ≫ m LR ≫ m LL , the seesaw formula for light neutrino mass is given by
where the formula for type I seesaw contribution is presented below,
where m LR is the Dirac mass term of the neutrinos which is typically of electroweak scale.
Demanding the light neutrinos to be of eV scale one needs M RR to be as high as 10 14 GeV without any fine-tuning of Dirac Yukawa couplings. Whereas the type II seesaw contribution to light neutrino mass is given by
where the analytic formula for induced VEV for neutral component of the Higgs scalar triplet, derived from the minimization of the scalar potential, is
In the low scale type II seesaw mechanism operative at TeV scale, barring the naturalness issue, one can consider a very small value of trilinear mass parameter to be
where the Higgs scalar triplet mass lie within TeV range which give interesting phenomenological possibility of being produced in pairs at LHC. The sub-eV scale light neutrino mass with type II seesaw mechanism contrains the corresponding Majorana Yukawa coupling as
Within reasonable value of f ν ≃ 10 −2 , the triplet Higgs scalar VEV is v ∆ ≃ 10 −7 GeV which is in agreement with the oscillation data. It is worth to note here that the tiny trilinear mass parameter µ Φ∆ controls the neutrino overall mass scale, but does not play any role in the couplings with the fermions and thereby, making the lepton flavour violion studies more viable.
III. µ − τ SYMMETRIC NEUTRINO MASS MATRIX µ − τ symmetric neutrino mass matrix is one of the most widely studied neutrino mixing scenario in the literature. In this work, we consider four different types of µ − τ symmetric neutrino mass matrix: Bimaximal mixing (BM), Tri-bimaximal mixing (TBM), Hexagonal mixing (HM) and Golden Ratio mixing (GRM). These scenarios predict θ 13 = 0,
whereas the value of θ 12 depends upon the particular model. Since θ 13 = 0 has been ruled out by latest neutrino oscillation experiments, the µ−τ symmetry has to be broken appropriately in order to account for the correct neutrino oscillation data. We assume these four different µ − τ symmetric neutrino mass matrices to originate from type I seesaw mechanism whereas type II seesaw term acts as a perturbation which breaks µ − τ symmetry in order to produce the correct neutrino oscillation parameters. The µ − τ symmetric BM type neutrino mass matrix originating from type I seesaw can be parametrised as
This has eigenvalues In the same way, the µ −τ symmetric Hexagonal mixing (HM) type neutrino mass matrix can be written as
This has eigenvalues m 1 = 
IV. DEVIATIONS FROM µ − τ SYMMETRY
For simplicity, we assume the type II seesaw mass matrix to be of minimal form while ensuring, at the same time, that it breaks the µ − τ symmetry in order to generate non-zero θ 13 . The form of the neutrino mass matrix arising from type II seesaw only is taken as
The structure of this mass matrix although looks ad-hoc, can however, be explained within generic flavor symmetry models like A 4 . Within the framework of seesaw mechanism, neutrino mass and mixing have been extensively studied by many authors using discrete flavor symmetries [30] available in the literature. Among the different discrete flavor symmetry groups, the group of even permutations on four elements A 4 can naturally explain the µ − τ symmetric mass matrix obtained from type I seesaw mechanism. Without going into the details of generating a µ − τ symmetric mass matrix within A 4 models, an exercise performed already by several authors, here we briefly outline one possible way of generating the type II seesaw mass matrix (14) under A 4 . Since we are trying to explain the structure of type II term only, we confine our discussion to the lepton doublets only. We introduce three scalars ζ 1 , ζ 2 , ζ 3 transforming as
Thus the type II seesaw term can be written as
where Λ is the cutoff scale and f is a dimensionless coupling constant. 
The decomposition of the llζ 1,2,3 terms into A 4 singlet gives
Assuming the vacuum alignments of the scalars as ζ 1 = 0, ζ 2 = Λ, ζ 3 = −Λ, we obtain the type II seesaw contribution to neutrino mass as
which has the same form as (14) if we denote f δ 0 L = f v L as w. We adopt this minimal structure of the type II seesaw mass matrix for our numerical analysis.
V. CP VIOLATION AND LEPTOGENESIS
Leptogenesis is one of the most widely studied mechanisms to generate the observed baryon asymmetry of the Universe by creating an asymmetry in the leptonic sector first, which subsequently gets converted into baryon asymmetry through B +L violating sphaleron processes during electroweak phase transition. Since quark sector CP violation is not sufficient for producing observed baryon asymmetry, a framework explaining non-zero θ 13 and leptonic CP phase could not only give a better picture of leptonic flavor structure, but also the origin of matter-antimatter asymmetry.
In a model with both type I and type II seesaw mechanisms at work, there are two possible sources of lepton asymmetry: either the CP violating decay of the lightest right handed neutrino or that of scalar triplet. Recently, such a work was performed in [23] where the contributions of type I and type II seesaw to baryon asymmetry were calculated without assuming any specific symmetries in the type I or type II seesaw matrices. In another work [25] , type II seesaw was considered to be the origin of non-zero θ 13 and non-trivial Dirac CP phase simultaneously and baryon asymmetry was calculated taking contribution only from the type II seesaw term. In the present work, both type I and type II seesaw mass matrices are real and hence the diagonalizing matrix U ν of neutrino mass matrix is also real giving rise to trivial values of Dirac CP phase. Thus, the only remaining source of CP violation in leptonic sector is the charged lepton sector. We note that the Pontecorvo-Maki-NakagawaSakata (PMNS) leptonic mixing matrix is related to the diagonalizing matrices of neutrino and charged lepton mass matrices U ν , U l respectively, as
The PMNS mixing matrix can be parametrized as 
where c ij = cos θ ij , s ij = sin θ ij and δ is the Dirac CP phase. Our goal is to generate correct values of neutrino mixing angles including non-zero θ 13 with the combination of type I and type II seesaw. Since, neutrino mass matrix is real without any phase, its diagonalizing matrix U ν is also real and takes the form of U PMNS after setting δ to zero. Thus, the charged lepton mass diagonalizing matrix U l , the only source of non-zero CP phase δ can be written as 
We derive this form of U l such that U † l U ν gives the desired form of PMNS mixing matrix (17) . If we assume that this matrix U l also diagonalizes the Dirac neutrino mass matrix m LR , the CP phase originating in the charged lepton sector can affect the lepton asymmetry as we discuss below.
FIG. 5: Right handed neutrino decay
In our work we are considering CP-violating out of equilibrium decay of heavy RH neutrinos in to Higgs and lepton within the framework of dominant type I and sub-dominant
FIG. 6: Right handed neutrino decay
type II seesaw mechanism. In principle, the decay of Higgs triplet having masses few hundred GeV can contribute to the CP-asymmetry in the lepton sector having prominent gauge interaction along with the as usual CP-asymmetry due to heavy (> 10 9 GeV) right-handed neutrino decays without having any gauge interaction. The wash-out factors in case of CPasymmetry due to Triplet decay is large and thus, the net CP-asymmetry is negligible. For simplicity we consider only the right handed neutrino decay as a source of lepton asymmetry and neglect the contribution coming from triplet decay. The lepton asymmetry from the decay of right handed neutrino into leptons and Higgs scalar is given by
In a hierarchical pattern for right handed neutrinos M 2,3 ≫ M 1 , it is sufficient to consider the lepton asymmetry produced by the decay of lightest right handed neutrino N 1 decay.
In a type I seesaw framework where the particle content is just the standard model with three additional right handed neutrinos, the lepton asymmetry is generated through the decay processes shown in figure 5 . In the presence of type II seesaw, N 1 can also decay through a virtual triplet as can be seen in figure 6 . Following the notations of [21] , the lepton asymmetry arising from the decay of N 1 in the presence of type I seesaw only can be written as
where v = 174 GeV is the vev of the Higgs bidoublets responsible for breaking the electroweak symmetry, 
After determining the lepton asymmetry ǫ 1 , the corresponding baryon asymmetry can be obtained by through electroweak sphaleron processes [18] . Here the factor c is measure of the fraction of lepton asymmetry being converted into baryon asymmetry and is approximately equal to −0.55. κ is the dilution factor due to wash-out process which erase the produced asymmetry and can be parametrized as [31] 
where K is given as
Here Γ 1 is the decay width of N 1 and H(T = M 1 ) is the Hubble constant at temperature
The factor g * is the effective number of relativistic degrees of freedom at T = M 1
and is approximately 110.
We note that the lepton asymmetry shown in equation (21) is obtained by summing over all the flavors α = e, µ, τ . A non-vanishing lepton asymmetry is generated only when the right handed neutrino decay is out of equilibrium. Otherwise both the forward and the backward processes will happen at the same rate resulting in a vanishing asymmetry.
Departure from equilibrium can be estimated by comparing the interaction rate with the expansion rate of the Universe. At very high temperatures (T ≥ 10 12 GeV) all charged lepton flavors are out of equilibrium and hence all of them behave similarly resulting in the one flavor regime. However at temperatures T < 10 12 GeV (T < 10 9 GeV), interactions involving tau (muon) Yukawa couplings enter equilibrium and flavor effects become important [32] .
Taking these flavor effects into account, the final baryon asymmetry is given by
where
. The function η is given by
In the presence of an additional scalar triplet, the right handed neutrino can also decay through a virtual triplet as shown in figure 6 . The contribution of this diagram to lepton asymmetry can be estimated as [33] 
For the calculation of baryon asymmetry, we go to the basis where the right handed Majorana neutrino mass matrix is diagonal
In this diagonal M RR basis, the Dirac neutrino mass matrix also changes to
where m 0 LR is the Dirac neutrino mass matrix given by Here m d LR is the diagonal form of the Dirac neutrino mass matrix in our calculation given by
where λ = 0.22 is the standard Wolfenstein parameter and (m, n) are positive integers. As mentioned earlier, U l is the matrix which is assumed to diagonalize both the charged lepton and Dirac neutrino mass matrices.
VI. LEPTON FLAVOUR VIOLATION
It is known that neutrino flavor is violated in neutrino sector from the experimental observed oscillation phenomena. In the previous sections, we have presented the model for explaining the non-zero values of reactor mixing angle θ 13 , as revealed from recent oscillation experiment, by perturbation method. The idea is to take the type I seesaw contribution as the leading term in the neutrino mass matrix with the various choices for mixing matrices such as Bimaximal, Tribimaximal, Hexagonal and Golden ratio type with uniquely predictlng θ 13 = 0. In the second step, the non-zero value for reactor mixing angle can be found by adding a small perturbation matrix (type II seesaw term in the present work) parametrized by ω to the leading order mass matrix (type I seesaw term). It is numerically examined that the overall scale of the perturbation ω is derived to be order of 0.001 eV.
The analytic expression for Higgs triplet VEV generated from the trilinear mass term µ Φ∆ in the scalar Lagrangian given in eq. (4) is given below
With
The resulting mass fomrula for neutrino mass is
The numerical value of perturbation term ω ≃ f ν v ∆ is crucially depend upon the Majorana coupling f ν , trilinear mass parameter µ Φ∆ and M which has fixed around TeV scale.
Thus, the required value of ω = 0.001 eV can be easily obtained by choosing these parameters appropriately. We intend to examine possible Lepton Flavour Violation (LFV) within the present framework with TeV scale scalar triplet.
Within the present framework having type-I + type II seesaw mechanism having TeV scale Higgs triplet and heavy RH Majorana neutrinos, there are various Feynman diagrams contributing to the LFV processes like µ → eγ, µ → eee and µ → e conversion inside a nuclei. They are arising from exchange of: (i) light neutrino exchange, (ii) heavy neutrinos through light-heavy neutrino mixing propertional to M D /M R , (iii) charged Higgs scalars.
Since the light neutrino contribution is heavily suppressed (Br.(µ → eγ) ≃ 10 −50 ) and heavy neutrino contribution is very much suppressed as well due to large mass for RH Majorana neutirno M R > 10 9 GeV. Thus, the Higgs triplet scalar with TeV mass range can contribute to various LFV processes as shown in Fig.22 for µ → eγ and Fig.23 for µ → eee.
where we have used
v ≃ 174 GeV and doubly charged Higgs scalar mass around 300 GeV, the model prediction for Br triplet µ→e+γ is found to be Br (µ → e + γ) | theory < 4.2 × 10 −15 . The current experimental constraint on µ → eγ is
at 90% C.L [34] Although the predicted value of branching ratio for LFV decays µ → eγ is beyond the reach of current experimental sensitivity (for more details, see
Refs. [35, 36] ), it is hoped to be probed at future experiment [37] which is planned to reach Another important LFV decays µ → 3e shown in Fig.23 for which the branching ratio is found to be
For numerical evaluation, consider v ∆ ≃ eV, f ≃ 10 [38] while it is planned to reach Br.(µ → 3e) < 10 −16 [39] .
VII. NUMERICAL ANALYSIS
To begin with, we write down the light neutrino mass matrix m LL in terms of (complex) mass eigenvalues m 1 , m 2 , m 3 and PMNS mixing matrix U PMNS ≡ U, working in a basis where charged lepton mass matrix is already diagonal, as
The mixing matrix U is parametrized in terms of three neutrino mixing angle θ 23 , θ 12 , θ 13
and a Dirac phase δ. The two Majorana phases are absorbed in mass eigenvalues m i instead in the mixing matrix U. Here the two Majorana phases are simply taken to be zero for subsequent numerical analysis.
At the first step of numerical analysis, we have considered particularly four choices of U and m ν so that θ 13 = 0 and θ 23 is maximal with the general form of the mixing matrix at leading order as
We start writing the relevant matrix form for light neutrino mass satisfying µ − τ symmetry and corresponding mixing matrix having different values of θ 12 but consistent with our earlier assumptions, i.e. θ 13 = 0 and maximal θ 23 , as
with
with m 
Similarly, there are other two other types of mass matrix and mixing matrix which can reproduce θ 13 = 0 and maximal θ 23 and they are: (i) Hexagonal type predicting θ 12 = π/6,
(ii) Golden ratio type for which θ 12 tan −1 (1/ϕ) with φ = (1 + √ 5)/2. For our numerical analysis, we adopt the minimal structure (14) of the type II seesaw term as
where ω denotes the strength of perturbation coming from type II seesaw mechanism.
We first numerically fit the leading order µ − τ symmetric neutrino mass matrix (11) by taking the central values of the global fit neutrino oscillation data [6] . We also incorporate the cosmological upper bound on the sum of absolute neutrino masses [17] reported by the Planck collaboration recently. In the second step, we have to diagonalize the complete mass
and as a result, there is a corresponding mixing matrix whose elements are related to the parameters of the model plus the strength of the type II perturbation term.
After fitting the type I seesaw contribution to neutrino mass with experimental data, we introduce the type II seesaw contribution as a perturbation to the µ − τ symmetric neutrino mass matrix. The strength of the type II seesaw perturbation in order to generate the correct value of non-zero θ 13 can be seen from figure 1, 2, 3 and 4. We also calculate other neutrino parameters by varying the type II seesaw strength and show our results as a function of sin 2 θ 13 in figure 9 , 10, 11, 12 for BM mixing, figure 13, 14, 15, 16 for TBM mixing, figure 17, 18, 19, 20 for Hexagonal mixing and figure 21, 24, 25, 26 for GR mixing. We also calculate the sum of the absolute neutrino masses i |m i | to check whether it lies below the Planck upper bound. Finally, we calculate the effective neutrino mass m ee = | i U 2 ei m i | which can play a great role in neutrino-less double beta decay. These are shown as a function of sin 2 θ 13 in figure 27 , 28, 29, 30, 31, 32, 33 and 34. To calculate the baryon asymmetry, we first have to make a choice of the diagonal Dirac neutrino mass matrix m d LR . The most natural choice is to take m d LR to be the same as the diagonal charged lepton mass matrix. We check this particular case and find that this corresponds to a three flavor leptogenesis scenario and for all values of Dirac CP phase δ, the resulting baryon asymmetry falls far outside the observed range. As discussed in our earlier work [23] , here also we assume the parametric form of m d LR as given in (28) and choose the integers (m, n) in such a way that the lightest right handed neutrino mass falls either in one flavor or two flavor or three flavor regime. We take m f = 82.43 GeV and find that the choice (m, n) = (1, 1) keeps the lightest right handed neutrino in the one flavor regime, that is M 1 > 10 12 GeV. For (m, n) = (3, 1), the lightest right handed neutrino mass is in the range 10 9 GeV < M 1 < 10 12 GeV which corresponds to the two flavor regime of leptogenesis as discussed in the previous section. Similarly, to keep the lightest right handed neutrino mass below 10 9 GeV, the three flavor regime, we take (m, n) as (5, 3) in the Dirac neutrino mass matrix (28) . The values of type II seesaw strength w and corresponding neutrino neutrino mixing angles used in the calculation of leptogenesis are shown in table VIII. The results for final baryon asymmetry are shown in figure 7 and 8 for BM, TBM and HM models. Since GRM models do not give rise to correct neutrino parameters, we do not calculate the baryon asymmetry for that case.
VIII. RESULTS AND CONCLUSION
We have studied the possibility of generating non-zero θ 13 by perturbing the µ − τ symmetric neutrino mass matrix using type II seesaw. The leading order µ − τ symmetric mass matrix originating from type I seesaw can be of four different types: bi-maximal, tri-bimaximal, hexagonal and golden ratio mixing, which differ by the solar mixing angle they predict. All these four different types of mixing predict θ 23 = 45 o and θ 13 = 0. We use a minimal µ − τ symmetry breaking form of type II seesaw mass matrix to perturb the type I seesaw mass matrix and determine the strength of type II seesaw term in order to generate non-zero θ 13 in the correct 3σ range. We find that except the case of golden ratio mixing with inverted hierarchy and m 3 = 0.001 eV, all other cases under consideration give rise to correct values of θ 13 as can be seen from figure 1, 2, 3 and 4. We then calculate other neutrino We summarize our results for all the models under consideration in table X. We also show the preferred values of Dirac CP phase δ for successful leptogenesis in table IX. More precise experimental data from neutrino oscillation and cosmology experiments should be able to falsify or verify some of the models discussed in this work.
